Objectives: Antimicrobial susceptibility testing of bacterial isolates is essential for clinical diagnosis, to detect emerging problems and to guide empirical treatment. Current phenotypic procedures are sometimes associated with mistakes and may require further genetic testing. Whole-genome sequencing (WGS) may soon be within reach even for routine surveillance and clinical diagnostics. The aim of this study was to evaluate WGS as a routine tool for surveillance of antimicrobial resistance compared with current phenotypic procedures.
Introduction
Large amounts of antimicrobial agents are given worldwide to livestock for treatment and non-therapeutic purposes or to humans for treatment of infectious diseases. 1, 2 This provides favourable conditions for the selection, spread and persistence of antimicrobial-resistant bacteria capable of causing infections in animals and humans. Furthermore, with increased travel and trade of food animals and food products worldwide, problems emerging in one country can soon become a worldwide problem. This has emphasized the need for global initiatives and the establishment of standardized monitoring for antimicrobial resistance. 2 Reliable, reproducible and standardized procedures for susceptibility testing are essential, not only for predicting clinical treatment, but also to detect the emergence of resistance and to compare data between reservoirs and over time. 2 -5 In 1995, Denmark was the first country to establish an integrated surveillance of antimicrobial resistance based on susceptibility testing of indicator and pathogenic bacteria and to compare isolates from food animals, food and humans. 6, 7 Several other countries have since established similar programmes, 3 and recommendations for antimicrobial agents to be included, methodology to use and suggestions for epidemiological cut-off (ECOFF) values and clinical breakpoints have been published. 4, 5, 8 Since its first development by Alexander Fleming during his work on the purification of penicillin, phenotypic testing by MIC determination or disc diffusion has been the cornerstone of antimicrobial susceptibility testing. 9 However, these currently used methodologies are still associated with time delays and economic cost, especially for organisms that are difficult to grow. The results obtained in different laboratories are not entirely comparable and problems with phenotypic testing continue to result in mistakes. 10 -12 Current routine surveillance programmes are often accompanied by a need for further genetic characterization of isolates, 13 such as sub-typing and identification of resistance genes, often requiring the involvement of specialized or reference laboratories. This further adds to the cost and time delays, reducing the possibility of a timely response.
During recent years there has been a dramatic reduction in cost and an increase in the quality of whole-genome sequencing (WGS), making this technology economically feasible as a routine tool, not only for scientific research 14 -17 but also for clinical diagnostics 18 -20 and surveillance. 21 One obstacle to its implementation has been the lack of easy-to-use bioinformatics tools allowing analysis in real time of the data produced. We have recently developed methods for simple multilocus sequence typing (MLST) 22 and the identification of acquired resistance genes 23 in WGS data. However, especially with regard to antimicrobial susceptibility, there is insufficient knowledge regarding the concordance between phenotypic testing and the presence of resistance genes in different isolates.
This study provides, to our knowledge, the first attempt to compare WGS for the surveillance of antimicrobial resistance with the current phenotypic procedures. The study was performed using isolates from Danish national surveillance. In addition, the population structures of the bacteria included are described.
Materials and methods

Bacterial isolates
Two hundred isolates originating from Danish pigs, covering four bacterial species, Salmonella Typhimurium (n¼50), Escherichia coli (n ¼50), Enterococcus faecalis (n¼50) and Enterococcus faecium (n¼50), were included in the study. All isolates were collected randomly during the first half of 2011.
Whole-genome sequencing
Genomic DNA was purified from the isolates and sequenced on the Illumina platform (paired-end reads). Reads were assembled de novo prior to prediction of the resistance profiles. N50 is the length of the smallest contig in the set that contains the fewest (largest) contigs whose combined length represents at least 50% of the assembly. N50 values of the assembly were used for quality control of the DNA sequences.
Identification of resistance genes and phenotypic susceptibility testing
The ResFinder web server (www.genomicepidemiology.org) 23 was used to identify acquired antimicrobial resistance genes in the WGS data, using a threshold of 98.00% identity (ID). ResFinder will detect the presence of whole resistance genes, but not functional integrity and expression or resistance due to acquired variation in housekeeping genes. Based on the ResFinder results, a predicted phenotype was determined using phenotypes from original published studies of the genes found. The predicted resistances were compared with phenotypic antimicrobial susceptibility testing (MICs determined by the microdilution method, as previously described). 10 The isolates were tested for susceptibility to 14-17 different antimicrobial agents depending on the species (see Table 1 ). Results were interpreted using current EUCAST (www.eucast. org) ECOFF and European Food Safety Authority (EFSA) epidemiologic breakpoints, 4 except that a cut-off value of ≤8 mg/L was used for streptomycin in E. coli.
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The association between genotype and phenotypic susceptibility to b-lactam antibiotics was further investigated in E. faecium by comparing the pbp5 gene from the E. faecium strain DO (accession number CP003585) with the pbp5 gene from the isolates.
MLST
MLST was performed on all isolates using the MLST web server (www. genomicepidemiology.org). 22 The allele sequences were aligned with MUSCLE v3.8.31. From the alignments, 1000 bootstrap samples were created with Seqboot, distance matrices calculated with DNAdist, trees were created with FastME, and the final trees were created by CompareToBootstrap.
Investigation of the flanking DNA regions of aadA1 genes
In order to investigate the genetic environment flanking the aadA1 gene in aadA1-positive E. coli isolates, the individual contigs (fragments) carrying the aadA1 genes were subjected to BLASTx analysis using the CLCbio Genomic Workbench 5.51 software (CLCbio, Aarhus).
Results
Bacterial isolates and whole-genome sequencing
Of the 200 isolates included in the study, 3 were excluded: one Salmonella Typhimurium because of poor quality of the WGS data (N50¼197), and two E. coli, which turned out to be Escherichia fergusonii. The remaining isolates were assembled to draft genomes with high N50 values (average 178272+17457, 95% CI). Tables 1 and 2 show an overview of the phenotypic occurrences of resistance and the resistance genes detected by ResFinder. See Table S1 (available as Supplementary data at JAC Online) for data on individual isolates.
Antimicrobial susceptibility testing and resistance genes
The E. coli and Salmonella Typhimurium isolates were tested for susceptibility to 16 and 17 different antimicrobial agents belonging to 7 different antimicrobial classes, E. faecalis for susceptibility to 14 antimicrobial agents belonging to 9 different classes and E. faecium for susceptibility to 15 antimicrobial agents belonging to 10 different classes. In total, 3051 different phenotypic tests were performed for the entire dataset. For 23 tests in 20 isolates there was disagreement between the phenotypic and predicted susceptibility. Repeating the susceptibility tests for these isolates led to a match between predicted and tested resistance for 16 of these.
For the entire dataset, 482 of the 3051 tests showed resistance, while the remaining 2569 showed susceptibility. Excluding data for b-lactams in enterococci and ciprofloxacin and nalidixic acid in Salmonella Typhimurium and Escherichia, disagreements between tested and predicted susceptibility were only observed in seven cases (six E. coli and one E. faecalis, all false positive), corresponding to a concordance of 99.74%. For the Salmonella Zankari et al.
Typhimurium and E. faecium isolates complete agreement between tested and predicted susceptibility was observed (Table S1) .
For E. coli, all observed disagreements were related to spectinomycin resistance. The discrepancy consisted of the presence of an aadA1 gene with 100% identity, whereas the isolates tested phenotypically susceptible to spectinomycin (five with MIC 64 mg/L and one with MIC 32 mg/L). To investigate if the genetic environment flanking the aadA1 genes in these six isolates could give an explanation for this phenotype, the corresponding contigs were subjected to BLASTx analysis. This revealed that the aadA1 genes in all six cases were associated with class 1 integrons. In contrast to this, strains with MIC .64 mg/L all either had the aadA1 gene associated with class 2 integrons or had the aadA1 gene associated with a class 1 integron but then also carried a secondary aminoglycoside resistance gene. ENTfs47 contained aac(6 ′ )-aph(2 ′′ ) (ID 100%), but tested phenotypically susceptible to gentamicin (MIC 32 mg/L). In addition to these seven cases, ENTfs6 contained ant(6)-Ia (ID 100%), but lacked the first 109 bp of the gene, consistent with the fact that ENTfs6 tested phenotypically susceptible to streptomycin.
In addition, 14 E. faecium isolates tested resistant to penicillin and 2 of these also to ampicillin, and 1 E. coli isolate tested resistant to ciprofloxacin and nalidixic acid, but no predicted resistance was identified with the current version of ResFinder.
All except 1 of the 50 E. faecium isolates harboured the pbp5 gene with ID ≥95.19%. When the nucleotide sequences of the isolates' pbp5 genes were compared with the pbp5 gene from the reference strain DO, a correlation between the mutations A401S and T499I and resistance to penicillin was observed (Table S2 , available as Supplementary data at JAC Online). In addition, two strains with reduced susceptibility to penicillin were identified with changes (D325E, D372E and L610I) not previously observed.
Forty-three different resistance genes were observed among the 197 isolates, covering eight different antimicrobial classes ( Table 2 ). The most commonly observed genes in Salmonella Typhimurium were bla TEM-1 (21 isolates), sul2 (20 isolates), strA/ strB (19 isolates) and tet(B) (19 isolates). In E. coli they were aadA1 (19 isolates), bla TEM-1 (12 isolates) and tet(A) (11 isolates). Among E. faecalis lsa(A) (50 isolates), tet(M) (34 isolates), erm(B) (25 isolates), tet(L) (24 isolates) ant(6)-Ia (18 isolates), aph(3 ′ )-III (17 isolates) and dfrG (17 isolates) were the most commonly observed and among E. faecium msr(C) (44 isolates), tet(M) (27 isolates), ant(6)-Ia (18 isolates), erm(B) (15 isolates) and lnu(B) (15 isolates) were the most commonly observed. The bifunctional aac(6 ′ )-aph(2 ′′ ) gene encoding high-level gentamicin resistance (HLGR) was detected in 10 E. faecalis isolates. A single E. coli isolate harbouring erm(B) and mph(A) was also identified.
MLST and phylogenetic analysis
The MLST web server detected previously identified MLST types for 154 of the 197 isolates, while the remaining 43 isolates were characterized as unknown sequence type (ST) ( Table 3) . Three different MLST types were observed in Salmonella Typhimurium, ST19 (42.9%), ST34 (44.9%) and ST376 (2%). For E. coli, 19 different MLST types were observed, but many isolates had unknown STs (41.7%). For E. faecalis and E. faecium 12 and 17 different MLST types, respectively, were observed. The most prevalent MLST types in E. faecalis were ST58 (46%) and ST16 (16%) and those in E. faecium were ST5 (14%) and ST133 (14%). In addition, 26% of the E. faecium isolates belonged to unknown STs. Comparing the MLST trees for E. faecium, E. faecalis and E. coli with resistance profiles gave no correlation (data not shown). For Salmonella Typhimurium a tendency was observed: isolates with ST34 were more resistant than ST19 isolates. Sixteen (76.2%) of the isolates with ST19 were phenotypically susceptible to all antimicrobial agents tested. In contrast, 21 (95%) of the 22 isolates with MLST type ST34 were phenotypically resistant to at least one antimicrobial agent, 10 of them with the same resistance profile: streptomycin (strA/strB), ampicillin (bla TEM-1 ), sulphonamide (sul2) and tetracycline [tet(B)].
Discussion
To our knowledge, this study describes the first large comparison of WGS and phenotypic susceptibility testing for the prediction of 
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antimicrobial susceptibility. We observed a very high concordance between predicted and observed phenotypes. Especially for the 49 Salmonella Typhimurium isolates, complete agreement was found between the result of phenotypic susceptibility testing and that predicted from the observed genes. Overall, the concordance between phenotypic testing and susceptibility predicted by ResFinder was 99.74%. This is a much higher concordance than results previously obtained during phenotypic performance testing and ring trials (external quality assurance exercises), even involving national reference laboratories, where performances as low at 90% correct results have been considered to be acceptable. 10 -12 Furthermore, of the 23 original disagreements observed between the phenotypic susceptibility tests and the prediction, repeated testing showed that the prediction was correct in 16 cases. Most remaining disagreements were observed for susceptibility to spectinomycin in E. coli. It is well established that phenotypic detection of streptomycin and spectinomycin resistance, especially in E. coli, is problematic 10 and that the correlation between resistance and the presence or absence of genes is not always perfect. 8 Using the sequencing data generated through this project we were able to show that differences in susceptibility were related to the class of integrons with which the aadA1 genes were associated. Testing susceptibility to spectinomycin and streptomycin is rarely done for clinical purposes, but is often included in surveillance programmes as an important epidemiological marker for the presence of genes encoding the phenotype. 11 Thus, for this specific purpose WGS would give more relevant information and thus be superior to phenotypic testing, especially if information on integron structures is also included in the analysis.
The high concordance might be due partly to a low frequency of acquired resistance as well as the low complexity of resistance genes present in the bacterial population under study. However, it does prove the value of WGS in predicting susceptibility among isolates that have tested susceptible in vitro. Furthermore, in a previous study by us, 23 as well as in two other studies 18, 19 focusing on S. aureus and a limited number of resistance genes (two and nine, respectively), a manual comparison between resistance genes found using WGS and phenotypic susceptibility was performed. In these studies complete agreement between the resistance genes that were present and in vitro susceptibility testing was observed, providing further support for the value of WGS in predicting antimicrobial susceptibility.
Genes showing high homologies to lsa(A) were found in all 50 E. faecalis isolates. It has previously been shown that lsa(A) is required for intrinsic resistance of this species to quinupristin/dalfopristin. 24 We did not observe any isolates with 100% homology to the lsa(A) gene, but all 50 strains showed similar levels of resistance to quinupristin/dalfopristin (Table S1) .
Most E. faecium isolates harboured msr(C), which is observed in most E. faecium and is associated with the intrinsically lower susceptibility of E. faecium to macrolide antibiotics, but does not by itself give full resistance. 25, 26 In the present study, no association between the presence of msr(C) and susceptibility to erythromycin could be observed.
In the present study, all enterococcal isolates that tested phenotypically resistant to erythromycin harboured the erm(B) gene. Interestingly, a single E. coli isolate also contained the erm(B) and mph(A) genes, but was not tested for susceptibility to macrolide antibiotics as E. coli is considered intrinsically resistant to these drugs. These genes have previously been detected in E. coli 27, 28 and may constitute a reservoir for further spread to Gram-positive organisms.
A number of E. faecium isolates were resistant to penicillin and ampicillin. Mutations in the penicillin-binding-protein (pbp5) Percentages were determined by dividing the number of isolates having a specific MLST type by the total number of isolates (per species).
Genomic surveillance of antimicrobial resistance 775 JAC have previously been found to be associated with reduced susceptibility to b-lactam antibiotics, 29, 30 although it has also been observed that this does not directly explain the observed MIC values. 31 Most studies have focused on susceptibility to ampicillin and only rarely on benzylpenicillin. In the present study, only two isolates were found to be resistant to ampicillin and no obvious correlation to changes in pbp5 was identified. However, the pbp5 mutations A401S and T499I were strongly correlated with benzylpenicillin resistance. Changes at position 499 have previously been implicated in resistance to b-lactam antibiotics, 29 whereas position 401 has not previously been mentioned. The importance of different combinations of mutations within pbp5 and in regulatory genes awaits further studies. Until a stronger association of genotypes with observed phenotypic susceptibility to b-lactam antibiotics is established, it is not advisable to use WGS for predicting b-lactam susceptibility of E. faecium.
We found nine gentamicin-resistant E. faecalis isolates; three of these belonged to ST16 and one to ST40. This is in agreement with previous studies in Denmark that also found HLGR E. faecalis isolates from pigs belonging to ST16, ST40 and ST97. 32, 33 In the present study, the different resistance genes were not distributed equally among the Gram-negative species. Thus, strA/ strB most commonly encoded resistance to streptomycin in Salmonella Typhimurium, whereas this resistance was encoded mainly by aadA variants in E. coli. sul1 and sul2 were equally distributed among the E. coli isolates, while sul2 was most common in Salmonella Typhimurium. tet(A) was prevalent in E. coli, whereas tet(B) was prevalent in Salmonella Typhimurium. A previous study in Denmark observed that strA/strB was more common than aadA variants among Salmonella Typhimurium, 34 which is in contrast to a number of other studies on Salmonella, where aadA variants have been most commonly found. 8, 35, 36 Frequent occurrence of aadA variants has previously been detected in E. coli. 8, 37 The almost equal distribution of sul1 and sul2 among E. coli, but predominance of sul2 among Salmonella, is in agreement with other studies. 33, 35, 37 Previous studies have also found that the gene that most commonly encodes tetracycline resistance is tet(A) in E. coli but tet(B) in Salmonella. 36, 37 As the cost of WGS continues to decrease and the necessary instrumentation becomes more widely available both in reference and diagnostic laboratories, it must be expected that this technology will increasingly be used either alone or in combination with conventional methods. 18 -21,38 The advantage of phenotypic testing compared with WGS is that phenotypic testing will detect new resistance mechanisms or resistance caused by point mutations that might be missed using an entirely genetic approach. However, problems with standardization of phenotypic testing, especially when comparing results between laboratories, also demonstrate the limitations of an entirely phenotypic method, 13 -15 while it must be expected to be easier to standardize a procedure for detection of resistance genes in WGS data. It should also be noted that the presence of a resistance gene does not necessarily assure expression or sufficiently high expression to produce resistance, as might be the case for the aadA1 genes present in class 1 integrons in the present study. With our current knowledge it is not advisable to completely replace phenotypic susceptibility testing with WGS in the clinical setting. However, our results do suggest that this might already be a feasible procedure for surveillance purposes.
Another benefit of WGS is that it will provide a lot of additional information. In this study we only performed MLST of the isolates, which can yield important information on changing patterns of bacterial populations, but WGS might also give a continuous background of data for detection of outbreaks or for comparison in putative outbreak situations.
In conclusion, this study showed a very high concordance between phenotypic antimicrobial susceptibility and that predicted from WGS data. This suggests that WGS might eventually replace or be used with great benefit in combination with phenotypic methods initially for surveillance purposes, but eventually also for rapid clinical diagnosis.
